INTRODUCTION {#SEC1}
============

Interstrand crosslinks (ICLs) are highly cytotoxic DNA lesions formed by a number of bifunctional alkylating agents used in cancer chemotherapy, including cisplatin, nitrogen mustards and mitomycin C. ICLs covalently link the two strands of a DNA duplex, preventing strand separation and blocking essential processes such as replication and transcription ([@B1],[@B2]). The cytotoxic effect of blocking DNA metabolism in tumor cells with high proliferation rates is the basis of the therapeutic value of ICLs as anticancer agents. One of the limitations of using ICLs in the clinic is that the complex cellular pathways that remove ICLs from the genomes of tumor cells, lead to the occurrence of resistance to such treatment ([@B3]).

In vertebrates, the predominant pathways for ICL repair are coupled to replication and involve multiple cellular pathways including Fanconi anaemia (FA), translesion DNA synthesis (TLS), homologous recombination (HR) as well as the activity of endo- and exonucleases ([@B4],[@B5]). Although multiple pathways for ICL repair exist, a pathway defined in replication competent *Xenopus* egg extracts using plasmids containing site-specific ICLs has provided a mechanistic framework for understanding ICL repair ([@B6]). In this system, two replication forks converge on an ICL, with one leading strand extending up to 1 nt before the ICL, and the other leading strand stalling 20--40 nt before the ICL ([@B6],[@B7]) (Supplementary Figure S1, (ii)). Arrival of the leading strand at the ICL triggers the FA pathway and FANCD2/FANCI ubiquitylation, leading to dual incisions around the ICL on the opposing parental strand to generate an 'unhooked ICL' that still remains attached to one strand (Supplementary Figure S1, (iii) and (iv)) ([@B8]). The endonuclease ERCC1-XPF has been shown to be required for these incisions ([@B9]) and this step is believed to involve other endo- or exonucleases, possibly SNM1A or SLX1 ([@B10]--[@B12]). One of the open questions is at what distance from the ICL the incisions occur. The position of the incisions influences the subsequent step, the extension of the leading strand past the unhooked ICL by TLS polymerases (Supplementary Figure S1, (v)). Following full extension past the ICL, the newly synthesized strand is ligated to the downstream Okazaki fragments, restoring one of the daughter duplexes (Supplementary Figure S1, (vii)), therefore providing a template to repair the other sister chromatid by HR. NER is believed to remove the remnant of the unhooked ICL, completing the repair process. In the *Xenopus* system, the ICL remnant has been observed still attached to the parent strand after completion of the replication of both strands of the plasmid, most likely as a single crosslinked nucleotide ([@B6]).

A critical step in ICL repair is the bypass of the unhooked ICL by DNA polymerases. This step may lead to the introduction of mutations at or around the ICL site as it is mediated by error-prone TLS polymerases. These enzymes have been furthermore implicated in mediating chemoresistance to crosslinking drugs ([@B13]--[@B15]). Although it is unknown where the incisions are made during the unhooking step in ICL repair and how many nucleotides surround the ICL ([@B12]) (Supplementary Figure S1, (iii) and (iv)), it is thought that unhooked ICLs can be accommodated in the enlarged active sites and bypassed by TLS polymerases ([@B16]). Evidence from genetic and functional assays suggests a key role for pol ζ and Rev1 in ICL repair ([@B6],[@B17]--[@B21]). Additional enzymes, including pol η ([@B22]--[@B24]), pol κ ([@B25],[@B26]) or pol υ ([@B27],[@B28]) have also been implicated in ICL repair, suggesting that the choice of polymerase may depend on the structure of ICLs and the pathways used. *In vitro* studies have demonstrated that pol η, pol κ, pol ι and pol υ can bypass a variety of different ICLs ([@B25],[@B27],[@B29]--[@B31]). These studies have shown that the efficiency of bypass depends on the structure of the ICL itself, and in particular also on the length of the duplex surrounding the crosslink. While ICLs in long duplexes (∼20 base pairs) were hardly bypassed by any of the polymerases, several enzymes were able to bypass ICLs in duplexes of 2--5 base pairs.

Here, we report a more detailed structure-function relationship of pol η on a panel of nitrogen mustard-like ICLs. The most important biological role of pol η is the error-free bypass of UV-induced cyclobutane pyrimidine dimers (CPD) and mutations of the protein in humans are associated with the cancer-prone syndrome xeroderma pigmentosum variant (XP-V) ([@B32],[@B33]). However, pol η deficiency also causes sensitivity to crosslinking agents ([@B22]--[@B24]) and pol η upregulation in tumors is associated with resistance to treatment with cisplatin and nitrogen mustards ([@B15],[@B34]). Our studies dissect and quantify the effect of DNA distortion, flexibility of the ICL and position of incisions on translesion synthesis by pol η. We furthermore report a new strategy to synthesize the most extensively resected form of an ICL possible, a putative single nucleotide crosslinked intermediate, and find that it only represents a minimal obstacle for DNA polymerases.

MATERIALS AND METHODS {#SEC2}
=====================

Synthesis of 2-aminoethyl 7-deazaguanosine {#SEC2-1}
------------------------------------------

Full experimental procedures and analytical data for the synthesis of 2-aminoethyl-7-deazaguanosine are available in the Supplementary Information.

Oligonucleotides and primers {#SEC2-2}
----------------------------

The following oligonucleotides were synthesized for the generation of ICLs as described ([@B35],[@B36]) containing 7-deaza-dG aldehyde ICL precursors denoted as 'X' (see Supplementary Figure S2 for the three 7-deaza-dG crosslink precursors used):

T39 (39mer): 5′-GAAAGAAG**X**ACAGAAGAGGGTACCATCATAGAGTCAGTG-3′ C20 (20mer): 5′-CCCTCTUCT**X**TCCUTCTTTC-3′.

The following primers for the polymerase reactions containing a 5′ FAM fluorescent label were purchased from IDT technologies:

P15: 5′-(6-FAM)CACTGACTCTATGATG-3′;

P0: 5′-(6-FAM)GACTCTATGATGGTACCCTCTTCTGT-3′

Preparation of 20 bp and 6 bp ICLs {#SEC2-3}
----------------------------------

ICLs were generated as described ([@B29],[@B37]) (Supplementary Figure S3). The T39 and C20 oligonucleotides containing the ICL precursors were annealed, oxidized with 50 mM NaIO~4~ in 100 mM sodium phosphate buffer (pH 5.4), and excess oxidizing agent removed by washing with 10 mM sodium phosphate buffer (pH 5.4) using Amicon Ultracel 3K columns (cat. no. UFC500396). ICLs were formed by treatment with either 5 mM hydrazine (HY) or 5 mM N,N-dimethylethylenediamine (DA) in the presence of NaBH~3~CN. The coupling reaction was incubated overnight in the dark at room temperature, and the ICLs were purified by 12--15% denaturing PAGE. ICLs were extracted from the gel by electroelution using the Scheicher & Schuell BT1000 Biotrap system according to manufacturer\'s instructions in 5 mM Na~2~B~4~O~7~ (pH 8.0). To generate the resected 6 bp ICLs, the purified 20 bp ICLs were digested with the USER enzyme mix (uracil DNA glycosylase and endonuclease VIII, NEB M5505), which cleaved the phosphodiester backbone at the position of the uracil residues. The 6 bp ICLs were purified by 12--15% denaturing PAGE followed by electroelution as described above.

Preparation of single nucleotide (1 nt) ICLs {#SEC2-4}
--------------------------------------------

A solution of an 11mer oligonucleotide (20 nmols, 100 μl) (5′-GAAAGAAG**X**AC-3′) containing the C2 ICL precursor (Supplementary Figure S2) was treated with 10 μl of 50 mM NaIO~4~ and allowed to stand overnight in the dark at 4°C. Excess NaIO~4~ was removed by washing with 10 mM sodium phosphate buffer (pH 5.4) using Amicon Ultracel 3K columns (cat. no. UFC500396). The ICL was formed by adding 10 μl of 0.5 M solution of 7-(2-aminoethyl)-7-deazaguanosine (**3**) and 10 μl of 0.5 M NaCNBH~3~ and incubation overnight in the dark at room temperature. The product and starting material were separated on a 20% denaturing PAGE gel and the ICL band was excised under UV-light. The band was extracted with 0.5 M NH~4~OAc using the crush and soak method. The identity of the ICL band was confirmed using MALDI-TOF mass spectrometry (m/z calculated: 3683; found 3676) (Supplementary Figure S4). To generate T39 containing the single nucleotide ICL, the purified 11-mer with the single nucleotide ICL was ligated to a 5′-phosphorylated 28-mer (5′P-AGAAGAGGGTACCATCATAGAGTCAGTG-3′). The two oligos (500 nM each) were annealed to a complementary 51-mer splint (1 μM, 5′-TTGGAACACTGACTCTATGATGGTACCCTCTTCTGTCCTTCTTTCGTTAAC-3) in 10 mM Tris-HCl pH 8.0, 50 mM NaCl overnight at room temperature. The annealed oligonucleotides were incubated with T4 DNA ligase (NEB M0202S) for 30 min at 37°C. Products were resolved by 15% denaturing PAGE and the 39-mer containing single nucleotide ICL was extracted from the gel by electroelution as described above.

Enzymes {#SEC2-5}
-------

Klenow (exo-) enzyme (5 U/μl equivalent to 3.6 μM) was purchased from NEB (M0212). The protein was diluted in 25 mM Tris-Cl (pH 7.4), 1 mM DTT, 0.1 mM ethylene-diamine-tetraacetic acid (EDTA) and 50% glycerol to the indicated concentrations for use in polymerase assays. Human pol η (with a C terminal His tag) was prepared as described previously, yielding a preparation with a concentration of 0.3 mg/ml (∼4 μM) ([@B38]). The protein was diluted in 40 mM Tris-HCl (pH 8.0), 10 mM dithiothreitol (DTT), 0.1 mg/ml bovine serum albumin (BSA) and 30% glycerol to the indicated concentrations for use in polymerase assays.

Polymerase assays {#SEC2-6}
-----------------

ICL substrates (150 nM) and 6-FAM labeled primer P15 (50 nM) were annealed in 10 mM Tris-HCl pH 8.0, 50 mM NaCl, overnight at room temperature to ensure the stability of the ICLs. The ICL substrates/primers (5 nM, with respect to the primer) and 100 μM dNTPs were incubated with DNA polymerase in a reaction volume of 10 μl. For assays with Klenow (exo-), 1 nM enzyme was used in reaction buffer NEB2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl~2~, 1 mM DTT). A total of 40 nM pol η was used in a reaction buffer containing 40 mM Tris-Cl pH 8.0, 50 mM NaCl, 5 mM MgCl~2~, 10 mM DTT and 2.5% glycerol. Reactions were incubated for 10 min at 37°C and stopped by addition of 10 μl of formamide buffer (80% formamide, 1 mM EDTA, 1 mg/ml Orange G), denatured at 95°C for 2 min and chilled on ice. The products of the reaction were resolved on a 10% 7 M Urea PAGE and FAM labeled DNA was visualized using a Typhoon 9400 scanner (GE Healthcare). Images were analyzed and quantified using ImageQuant software (Molecular Dynamics (MD)).

Single nucleotide insertion assays {#SEC2-7}
----------------------------------

ICL substrates were annealed to 6-FAM labeled P0 primer as described above. All reactions were incubated for 5 min at 37°C with 1 nM Klenow (exo-) or 20 nM pol η using the reaction buffers described above. Reactions were stopped by addition of 10 μl of formamide buffer (80% formamide, 1 mM EDTA, 1 mg/ml Orange G) and products analyzed by denaturing PAGE as described for the polymerase assays.

Analysis of single nucleotide insertion assays {#SEC2-8}
----------------------------------------------

Since the efficiency of primer extension is different for our various substrates (high for undamaged DNA and low for 6 bp ICLs), to compare fidelity of insertion across these substrates, a 'normalized intensity' value was used instead of 'percent primer extension'. This value was calculated for each nucleotide taking into account the efficiency of nucleotide insertion for that substrate, such that 'normalized intensity' for a single nucleotide = (band intensity of lane A/T/C/G) ÷ (band intensity of lane 'N') for each substrate. For each dNTP incorporation, the bands at position 0 and +1 were combined for the measurement of band intensity, as both the insertion and extension products involved dNTP incorporation.

RESULTS {#SEC3}
=======

Design of NM ICL substrates mimicking unhooked repair intermediates {#SEC3-1}
-------------------------------------------------------------------

Nitrogen mustards preferentially crosslink two guanines in a duplex within a --GNC-- sequence via their N7 positions (Figure [1A](#F1){ref-type="fig"}) ([@B39]). This major groove ICL induces a bend of about 20° in the DNA duplex, as the length of the ICL is shorter than the distance between the two N7 of the guanine bases it connects ([@B36],[@B40]--[@B42]). Using a strategy previously developed in our lab ([@B35]--[@B37]) (Supplementary Figure S3), we synthesized a substrate containing a stable site-specific NM ICL mimic (which we denote 5a for a crosslink with 5 atoms) along with variants containing 6 atom (6a) and 8 atom (8a) ICLs (Figure [1B](#F1){ref-type="fig"}). Our molecular modeling studies have shown that the 5a ICL, like its native nitrogen mustard (NM) equivalent, induces a bend of about 20° in the DNA duplex ([@B36]). Based on the length of the ICLs, we expect the 6a ICL to have less distortion than the 5a ICL and our preliminary NMR studies have shown that the 8a ICL is intact B-form DNA and free of distortion (Guainazzi, A., de los Santos, C., ODS, unpublished observations).

![ICL substrates used in this study. (**A**) Structure of a nitrogen mustard (NM) ICL linking two guanine bases. (**B**) Structure of the 5 atom ((i), 5a), 6 atom ((ii), 6a) and 8 atom ((iii), 8a) NM ICL. (**C**) Substrates used for polymerase assay substrates reactions. 5′-FAM labeled primer P15 was annealed to various templates. (i) single stranded DNA undamaged control (ii) single stranded substrate with ICL precursor 'diol' (Supplementary Figure S3B, i, C2) (iii) double stranded substrate with ICL precursor 'diol', (iv) ICL substrate within a 20 bp duplex, (v) ICL substrate within a 6 bp duplex (vi) single nucleotide ICL substrate. Crosslinked or adducted bases are highlighted in red.](gkw485fig1){#F1}

We and others have previously shown that the length of the dsDNA around an ICL dramatically influences the efficiency of bypass and that a long duplex (∼10 bp) on either side of the ICL prevents bypass by TLS polymerases ([@B25],[@B27],[@B29]--[@B31]). In our reactions, unmodified ssDNA (Figure [1C](#F1){ref-type="fig"}, (i)), ssDNA containing our ICL precursor (Figure [1C](#F1){ref-type="fig"}, (ii), see Supplementary Figure S2B, (i) for structure) and dsDNA with our ICL precursor on the template strand (Figure [1C](#F1){ref-type="fig"}, (iii)) were used as uncrosslinked controls. We generated substrates with the 5a, 6a and 8a ICLs embedded in a 20mer duplex (5a/20 bp, 6a/20 bp and 8a/20 bp, respectively, Figure [1C](#F1){ref-type="fig"}, (iv)). As in our previous study, we also generated a resected ICL, by partially degrading the duplex around the ICL at uracil residues incorporated into the duplex to yield an ICL with a 6 mer duplex around it (6 bp ICLs) (Figure [1C](#F1){ref-type="fig"}, (v)). The most completely processed form of an unhooked ICL is a 'single nucleotide ICL' (1 nt ICL), in which exonucleases resect an unhooked ICL down to a single nucleotide (Figure [1C](#F1){ref-type="fig"}, (vi)) ([@B43]). The strategy to generate such an ICL by incorporation and cleavage of uracil residues was unsuccessful due to the failure of uracil DNA glycosylase (UNG) to cut immediately adjacent to the ICL. Therefore, we developed a synthetic route based on our double reductive amination approach to generate the single nucleotide ICLs.

Synthesis of the single nucleotide NM ICL {#SEC3-2}
-----------------------------------------

The single nucleotide NM ICL (1 nt ICL) was synthesized by coupling 7-(2-aminoethyl)-deazaguanosine **3** to our aldehyde-containing ICL precursor T39. The synthesis of **3** began with the allyl **1** ([@B35]) (Figure [2](#F2){ref-type="fig"}), in which the double bond was oxidized to the diol with osmium tetroxide, oxidized to the aldehyde with sodium periodate and trapped with O-methyl-hydroxylamide **2** to form the oxime. Zinc reduction and removal of the protecting groups yielded amine **3**, which was reacted with a 11mer single-stranded oligonucleotide containing a C2 aldehyde ICL precursor **4** under reductive amination conditions (Figure [2B](#F2){ref-type="fig"}). Analysis of the reaction products by denaturing PAGE revealed the formation of a slower moving band, indicating the formation of the desired product (Figure [2C](#F2){ref-type="fig"}). Isolation and analysis of the product by mass spectrometry revealed it to be the target single nucleotide ICL (Supplementary Figure S4). In our polymerase assays we compared the single nucleotide ICL to that of our stable C2 ICL precursor---a deazaguanine residue substituted with a dihydroxypropyl group (diol) (Supplementary Figure S3B, (i))---in the template strand to asses the effect of a single nucleotide ICL versus a smaller lesion (Figure [1C](#F1){ref-type="fig"}, (ii)).

![Synthesis of the single nucleotide ICL. (**A**) Reaction conditions: (a) OsO~4~, NMM, THF, 0°C, 72%; (b) (i) NaIO~4~, MeOH, THF; (ii) NH~2~OMe, 86%; (c) Zn/HCl, MeOH, HOAc, 85%; (d) NH3, MeOH. (**B**) (e) (i) NaIO~4~, H~2~O (ii) NaBH~3~CN. (**C**) 20% denaturing PAGE analysis of reaction of the 11mer (GAAAGAAG**4**AC) with amine **3**. DNA was visualized with SYBR gold.](gkw485fig2){#F2}

Reducing duplex around ICL facilitates bypass {#SEC3-3}
---------------------------------------------

TLS is believed to occur in three stages: approach of the replicative or TLS polymerase up to the lesion, insertion of a dNTP across the lesion and extension past the lesion, often with different polymerases carrying out the insertion and extension steps ([@B44]--[@B46]). Keeping this in mind, we evaluated our primer extension assays in three parts (Figure [3A](#F3){ref-type="fig"}): 'Approach' (extension of primers up to 1 nt before the crosslinked base (−1)), 'Insertion' (insertion opposite the ICL up to 3 nt past it (0 to +3)) and 'Extension' (all products from +4 to the full length product). We chose to include 3 nucleotides in the 'insertion' category as we previously observed that some TLS polymerases have prominent stalling points at and within a few nucleotides of the insertion site ([@B29]).

![Shortening of duplex around the ICL facilitates bypass. (**A**) 20 bp, 6 bp and 1 nt ICL substrates used. The crosslinked base in the template strand was designated '0', and all primer extension products up to −1 were evaluated as 'approach', from 0 to +3 as 'insertion' and beyond +4 as 'extension'. (**B--E**) Translesion synthesis assay of 5a ICL templates with Klenow and pol η. Unmodified (lanes 1 and 6), diol (monoadduct, lanes 2 and 7) and 5a ICL-containing templates (lanes 3--5, 8--10) were annealed to the FAM labeled primer P15 and incubated with (**B**) 1 nM Klenow, (**D**) 40 nM pol η for 10 min at 37°C. Products were resolved by 10% denaturing PAGE. Quantification and analysis of primer extension products with (**C**) Klenow and (**E**) pol η. Each lane was divided into approach, insertion and extension segments and corresponding band intensities expressed as a percentage of the total products combined. Data represent the mean of three experiments and error bars indicate S.D.](gkw485fig3){#F3}

In a first set of experiments, we aimed to understand how the length of duplex around an ICL---reflecting the position of incisions during unhooking---would affect translesion DNA synthesis. Using the 5a NM ICL mimic (Figure [1B](#F1){ref-type="fig"}, (i)) in the 20 bp, 6 bp and 1 nt substrates (Figure [1C](#F1){ref-type="fig"}, (iv--vi)), we first used the bacterial replicative polymerase, exonuclease deficient Klenow fragment as a benchmark. As we have found previously ([@B29]), Klenow stalled predominantly at −1 in the 20 bp ICL (Figure [3B](#F3){ref-type="fig"}, lane 5). In the 6 bp ICL, resection of the duplex allowed ∼30% insertion opposite the ICL, introducing a stalling at position 0 in addition to the main stalling point at −1, without any further extension to full product (Figure [3B](#F3){ref-type="fig"}, compare lanes 4 and 5).

As expected, there was no stalling at the G residue on the ssDNA template (Figure [3B](#F3){ref-type="fig"}, lane 1). With the single stranded C2 ICL precursor (diol) (Figure [1C](#F1){ref-type="fig"}, (ii) and Supplementary Figure S3B, (i)), there was a pausing at the 0 and −1 positions, while most of the primer was extended to the full length product (Figure [3B](#F3){ref-type="fig"}, lane 2), suggesting that a substitution at the N7 position is only a minor impediment for Klenow, consistent with the frequent modification at that position for DNA sequencing and other applications ([@B47]). Interestingly, a similar pattern was observed for the single nucleotide (1 nt) ICL (Figure [3B](#F3){ref-type="fig"}, lane 3), with only a pausing site at the crosslinked base, accompanied by efficient bypass of the ICL (Figure [3C](#F3){ref-type="fig"}). This result raises the possibility that some forms of unhooked ICLs may be bypassed by a replicative polymerase and that a TLS polymerase may not always be absolutely required for ICL repair.

We then assayed the activity of TLS polymerase pol η with the various ICLs. Pol η also stalled during approach to the ICL in the 5a/20 bp substrate, but was able to insert a nucleotide opposite the ICL and at the +1 position (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}). The approach and insertion by pol η was significantly facilitated in the 5a/6 bp ICL, with the +1 and +2 insertion products making up close to 70% of the products. The amount of fully extended product was however still limited. Interestingly, the 5a/1 nt ICL, similar to the single stranded undamaged DNA (ss) and C2 ICL precursor (diol) was bypassed by pol η with high efficiency, resulting primarily in extension of the primers to full length products. These findings show that the amount of duplex around an ICL greatly affected the efficiency of pol η to bypass ICLs, and that at least in the case of a fully processed 1 nt ICL, pol η could carry out both insertion and extension steps alone.

NM ICL-induced distortion facilitates approach and insertion, but inhibits extension by pol η {#SEC3-4}
---------------------------------------------------------------------------------------------

NM ICLs cause a slight local distortion in the surrounding duplex by introducing a bend of about 20° in the DNA helix ([@B36]), and we were interested to understand how this influenced the ability of pol η to bypass the ICL. We addressed this by using NM ICL variants with longer linkers (6a and 8a versus 5a of the NM ICL mimic) that are expected to have less or no distortion, respectively (Figure [1B](#F1){ref-type="fig"}). We generated the 5a, 6a and 8a ICLs embedded in 6 or 20 bp duplexes and annealed them to fluorescently labeled primers for the analysis of bypass by pol η. Pol η was able to insert a nucleotide at the 0 and +1 position in the 5a/20 bp template (Figure [4A](#F4){ref-type="fig"}, lane 3). By contrast, the enzyme stalled at the −1 position with the 6a and 8a/20 bp ICLs with no detectable extension to full products (Figure [4A](#F4){ref-type="fig"}, lanes 4 and 5). Our data suggest that the distortion caused by the 5a ICL facilitates insertion by pol η. We speculate that the greater stability of the crosslinked duplexes without distortion (6a and 8a ICLs) resists strand displacement and therefore approach and insertion. Interestingly, the increased flexibility of the 8a linker compared to the 6a linker had no significant effect on the efficiency of insertion, suggesting that the relief of the distortion and not the additional flexibility is key to the outcome of the reaction (Figure [4B](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}, compare 6a and 8a).

![Duplex distortion facilitates approach and insertion by pol η at the ICL. Control and monoadduct (lanes 1--2, 6--7) and 5a, 6a and 8a ICL templates in a (**A**) 20 bp duplex (lanes 3--5) or (**C**) 6 bp duplex (lanes 8--10) were annealed to primer P15 and incubated with 40 nM pol η for 10 mins at 37°C. The products were resolved by 10% denaturing PAGE. Quantification and analysis of primer extension products with 20 bp ICLs (**B**) and 6 bp ICLs (**D**). Each lane was divided into approach, insertion and extension segments and corresponding band intensities expressed as a percentage of all the products combined. Data represent the mean of three experiments and error bars indicate S.D.](gkw485fig4){#F4}

We then asked whether duplex destabilization would play an equally important role in promoting bypass when the amount of duplex surrounding the ICL is reduced to 6 base pairs. We found that also with the ICLs within a shorter duplex, distortion facilitated the approach to the ICL. In the reaction with the 5a/6 bp ICL, the main stalling points were at the +1 and +2 positions (Figure [4C](#F4){ref-type="fig"}, lane 8), while for both the non-distorting 6a/6 bp and 8a/6 bp ICLs, primer extension stalled at the beginning of the duplex (Figure [4C](#F4){ref-type="fig"}, lanes 9 and 10). Interestingly, there was no stalling point for the 6a and 8a ICLs at or around the crosslinked base, and once pol η was able to initiate the strand displacement reaction, most of the primer was extended to the full length product (Figure [4C](#F4){ref-type="fig"}, compare lane 8 to lane 9 and 10). Therefore, pol η is able to efficiently insert dNTPs opposite the non-distorting ICL and extend the primer to the full length product.

One reason for the lower insertion activity of pol η on non-distorting ICLs could be a relatively weak strand displacement ability of the enzyme. Duplex destabilization could therefore facilitate approach and insertion across the ICL. This led us to ask whether the duplex destabilization would be equally important for a polymerase with a stronger strand displacement activity, such as Klenow. We found that there is also a significant difference in approach between distorting and non-distorting ICLs with Klenow (Supplementary Figure S5). While the initial strand displacement was similar for the 5a, 6a and 8a/20 bp ICLs, Klenow was able to extend the primer to the 0 and −1 position for the 5a ICL, while it stalled at the −3, −2 and −1 positions for the 6a and 8a ICLs (Supplementary Figure S5A, lanes 3--5). Very similar observations were made for the equivalent 6 bp ICLs, where Klenow stalled primarily at −1 and 0 for the 5a/6 bp ICL and at −2 and −1 for the 6a and 8a/6 bp ICLs (Supplementary Figure S5B, lanes 8--10). This suggests that duplex destabilization by a distorting crosslink is important in determining the efficiency of the approach to, and bypass of ICLs by polymerases with widely different strand displacement abilities.

Finally, we tested whether our observed effects on bypass depend only on the length of a crosslink or whether they are also influenced by its chemical composition. For this purpose, we used two ICLs with 6 atom linkers: 6a and 6a', which differ in that 6a has a hydrazine and 6a' has an amine linkage (Supplementary Figure S6 A). The reactions with the two 6 atom ICLs were very similar for the 6 bp and 20 bp ICLs with Klenow (Supplementary Figure S6 B), and the 20 bp ICL with pol η (Supplementary Figure S6C). The only minor difference observed was with the 6 bp ICL and pol η, where the ICL with the amine linkage seemed to be bypassed more efficiently, primarily as the strand displacement reaction appeared to be more efficient. However, quantification of the bypass reactions indicated that this may not be a significant difference. (Supplementary Figure S6B and C).

Pol η is more accurate on NM ICLs than on undamaged DNA {#SEC3-5}
-------------------------------------------------------

Like all TLS polymerases, pol η is a low fidelity enzyme, yet it has the ability to efficiently and accurately replicate past UV-induced CPDs thereby preventing UV-induced mutations ([@B48],[@B49]). We therefore investigated how NM ICL structure affected the fidelity of dNTP insertion by pol η at the lesion site. We carried out single nucleotide incorporation assays with pol η by annealing primer P0 to the undamaged control, single nucleotide (5a/1 nt), and 5a, 6a and 8a/6 bp substrates using different concentrations of the individual dNTPs (Figure [5A](#F5){ref-type="fig"}).

![pol η is more accurate across NM ICLs than undamaged DNA. (**A**) Sequence of ICL substrate for single base insertion assays. (**B**) Templates were annealed to FAM labeled P0 primer and incubated with 20 nM pol η at 37°C for 5 min with 1, 10 or 100 μM of individual dNTPs (A/T/C/G) or all four dNTPs combined (N). The products were resolved by 10% denaturing PAGE and band intensities quantified using ImageQuant. Quantification and analysis of single nucleotide incorporation with (**C**) 1 μM dNTPs (**D**) 10 μM dNTPs and (**E**) 100 μM dNTPs. The ratio of band intensity for each individual nucleotide (lane A/T/C/G) to that of the four dNTPs combined (lane N) was calculated and expressed as the 'normalized intensity'. Data are represented as the mean of three experiments and error bars indicate S.D. *P*-values were calculated by a one-way ANOVA with the Bonferroni correction for multiple comparisons.](gkw485fig5){#F5}

As already observed in our bypass assays, the efficiency of primer extension was lower for the ICLs than for undamaged DNA (Figure [5B](#F5){ref-type="fig"}, lanes 'N'). To control for different efficiencies of dNTP incorporation for the various substrates, we quantified and used the ratio of incorporation of each individual nucleotide (A/T/C/G) to that of the four dNTPs (N) as our 'normalized relative intensity'.

At 1 μM dNTP concentration, pol η incorporated primarily dCTP -- at least 2-fold more than the incorrect dNTPs, opposite the ICLs or the undamaged control G residue (Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). At the next higher dNTP concentration, 10 μM, incorporation opposite the control G became more promiscuous, with only about 1.2--1.4-fold higher incorporation of dCTP (Figure [5B](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}). Interestingly, incorporation opposite the ICLs was more accurate than opposite an undamaged dG residue, with at least 4-fold lower incorporation of dATP and dGTP than dCTP. The misincorporation of purines opposite the ICLs was significantly lower even at 100 μM dNTP concentrations, (Figure [5B](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}), where all four dNTPs were incorporated with similar efficiency opposite the control G and 5a/1 nt ICL. Although differences were minor, longer ICL linkages (8a and 6a versus 5a) allowed for higher fidelity of incorporation (compare Figure [5D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}). It is interesting to note that the fidelity of incorporation was significantly greater for the ICL surrounded by a 6 bp duplex compared to the 1 nt ICL. Collectively, our data suggest that pol η has a higher fidelity of dNTP incorporation opposite an NM ICL than unmodified DNA.

DISCUSSION {#SEC4}
==========

Multiple pathways for ICL repair have been described which share as one common feature the bypass of an unhooked ICL by DNA polymerases. This step restores one of the two strands modified by the ICL as a template for repair synthesis. To date it has not been possible to determine what the structures of unhooked ICLs look like. These structures are determined by several factors including the ICL repair pathway used and the positions of the incisions at the ICL ([@B12]). As a result, replicative and translesion synthesis polymerases are likely to encounter a variety of unhooked ICL structures. In this study, we investigated the reaction of the Y-family TLS polymerase pol η with a set of diverse model unhooked NM ICL structures that reflect different points of incision during unhooking, and ICL structures with different degrees of helix distortions and flexibilities.

The influence of helix distortion and ICL resection on polymerase activity {#SEC4-1}
--------------------------------------------------------------------------

We and others have shown that resection of the duplex around an ICL greatly facilitates bypass across various ICLs ([@B25],[@B27],[@B29]--[@B31]). This is likely due to a reduced need for strand displacement synthesis during approach to the ICL and due to the increased flexibility of a shorter duplex during insertion and extension of the ICL. Our data (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}) show that a duplex-distorting crosslink facilitates strand displacement, while non-distorting ICLs inhibit it. Similarly, in studies with *Xenopus* egg extracts, the approach to the ICL was more efficient for a highly distorting cisplatin ICL compared to a non-distorting nitrogen mustard-like ICL ([@B6]). These observations suggest that the need for resection of the duplex around an ICL may be especially important for the repair of non-distorting crosslinks. Mechanistically, this resection could be performed by hSNM1A- an exonuclease implicated in ICL repair with demonstrated ability to digest duplex DNA around an ICL ([@B10],[@B50]). Cells lacking hSNM1A were more sensitive to exposure to the crosslinking agent MMC and SJG-136, which form non-distorting ICLs, than to nitrogen mustards, which form more distorting ICLs ([@B10]). This suggests that the exonuclease activity of hSNM1A is more important for repair of non-distorting crosslinks. Our data provide a possible explanation for why exonucleolytic processing of the duplex around an ICL would be more important for such non-distorting ICLs. Taken together this suggests duplex distortion and/or destabilization by an ICL is an important determinant of how lesions are processed, approached and bypassed in ICL repair.

Bypass of a single nucleotide NM ICL {#SEC4-2}
------------------------------------

One of the open questions in ICL repair is where incisions occur in the unhooking step and how much duplex surrounds the ICL when it is encountered by DNA polymerases. Two observations suggest that resection to a single nucleotide ICL might occur: (i) In experiments with *Xenopus* egg extracts an ICL remnant has been observed upon completion of replication and repair of an ICL-containing plasmid with a single nucleotide crosslinked to the template strand ([@B6]). (ii) The hSNM1A exonuclease, implicated in ICL repair, has been shown to be capable of digesting a duplex across an ICL down to a singe nucleotide, providing a mechanism for how such intermediates may be generated ([@B10],[@B50]). Similarly, FAN1 has been shown to be able to digest a DNA duplex across an ICL ([@B51],[@B52]).

We devised a strategy to synthesize single nucleotide NM ICLs to study how such an intermediate interacts with polymerases. Intriguingly, this ICL did not provide an obstacle for pol η, alleviating the characteristic stalling points of pol η especially after dNTP insertion opposite the ICL (Figure [3D](#F3){ref-type="fig"}). This observation suggests that pol η can completely bypass such structures on its own, and that ICL repair may not always require other TLS polymerases such as REV1/pol ζ to carry out the extension step. It will be interesting to see if this would also apply to ICLs such as those formed by cisplatin or psoralen that would more severely constrain the structures of single nucleotide ICL intermediates.

Interestingly, we found that the bacterial replicative polymerase Klenow was also able to bypass the single nucleotide NM ICL (5a/1 nt ICL) (Figure [3B](#F3){ref-type="fig"}). An earlier study using artificial model ICLs which link two strands through the exocyclic amine groups of dC or through the N3 positions of dT residues found that single nucleotide ICLs capable of forming Watson--Crick base pairs could be bypassed by Klenow ([@B43]). Together these observations raise the intriguing possibility that some ICLs, in the most processed form, may not require the activity of a TLS polymerase to be repaired. Given that the approach to the ICL is most likely carried out by replicative polymerases ([@B21],[@B53]), it will be interesting to see whether the mammalian replicative polymerases δ and ϵ similarly have the ability to bypass our single nucleotide NM ICL and whether it will be possible to discover a pathway of ICL repair that does not require TLS polymerases.

What could the role of pol η in ICL repair be? {#SEC4-3}
----------------------------------------------

Given the variety of ICL structures formed, the possible redundancy among various TLS polymerases, and the limited mechanistic resolution of current assays available for the study of ICL repair, it has been challenging to identify the polymerase(s) carrying out the insertion and extension steps on the unhooked ICLs. Based on genetic and biochemical considerations, a prime candidate for insertion across crosslinked guanines, the base most frequently modified by crosslinking agents, is the dCMP transferase REV1 ([@B54],[@B55]). However, experiments in *Xenopus* demonstrated that REV1 and pol ζ were only required for the extension step and not the insertion across the cisplatin ICL ([@B21]) and that they were dispensable altogether for the repair of non-distorting 8 atom NM-like ICL ([@B6]). Of the alternative candidate polymerases that may instead act on these ICLs, we focused on pol η in this study. Genetic and biochemical experiments have implicated pol η in the bypass of a variety of ICLs ([@B24],[@B29],[@B45],[@B49]). Structural features of pol η show this enzyme may be particularly well suited to accommodate ICLs ([@B49],[@B56]--[@B58]). Pol η is the Y-family polymerase with the largest active site, and detailed structural studies of the enzyme bypassing CPDs have shown that it operates as a molecular splint holding on to the damaged DNA until the primer is extended 3 nucleotides past the lesion ([@B49]). Remarkably, we found that pol η extends a primer efficiently up to 2 nucleotides past an ICL in the 5a ICL, consistent with the idea that rigid binding to the primer template would allow extension by a few nucleotides past the site of insertion opposite the lesion. We think that this feature also allows for insertion and complete bypass of the more flexible 6 and 8 atom ICLs. Our results are furthermore similar to those observed with CPDs ([@B48]), in that the bypass of NM ICLs by pol η is more accurate than that of non-damaged DNA (Figure [5](#F5){ref-type="fig"}). These observations warrant more detailed studies of the role of pol η in the repair of different ICLs.

CONCLUSION {#SEC5}
==========

Using and expanding a synthetic approach in our laboratory, we generated a number of structurally diverse NM-like ICLs that differ in their degree of distortion induced in the duplex (by varying the length of the crosslink) and the amount of duplex surrounding the ICLs. Our studies indicate that more distorting (shorter) ICLs facilitate strand displacement and approach to the ICL, while less distorting (longer) ICLs are extended more efficiently after insertion. Importantly, we showed that unhooked ICL intermediates that have been processed down to a single nucleotide only pose a minimal obstacle for DNA polymerases, suggesting that the polymerase reaction past ICLs may be more facile than commonly assumed and may not always require the activity of a TLS polymerase.
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